Objectives: Pancreatic ductal adenocarcinoma (PDAC) is often accompanied by weight loss. We sought to characterize factors associated with weight loss and observed nutritional interventions, as well as define the effect of weight loss on survival.
P
ancreatic ductal adenocarcinoma (PDAC) has recently become the third leading cause of cancer-related deaths in the United States and is projected to become the second by 2030. 1, 2 This reflects the combination of a projected increased incidence paralleling the increased prevalence of obesity and poor 5-year survival (8%), which has only minimally improved over the last 2 decades. 2 Contributing factors to the poor prognosis include frequent diagnosis at a late cancer stage, aggressive tumor biology, and ineffective treatment options. Existing cancer treatments can be limited owing to patient-related factors or adverse effects of therapy. These limitations are often the consequence of malnutrition, which can lead to impaired quality of life. Malnutrition is primarily characterized by weight loss and is multifactorial in PDAC owing to premorbid malnourishment, cancer-associated cachexia, anatomic factors (eg, extrinsic compression from the tumor causing gastric outlet obstruction), cancer-induced pancreatic insufficiency (both exocrine [ie, steatorrhea] and endocrine [ie, diabetes mellitus]), and/or adverse effects of treatment (both surgery and chemotherapy).
It is widely accepted that patients with PDAC are at risk for poor nutrition; however, factors contributing to malnutrition and the clinical consequences have not been fully studied. Body weight is an objective measure of nutritional status. Although weight is subject to various factors including access to food, dietary intake, physical activity, and genetic influences, it is a widely accepted measure and is currently incorporated in the definition of cancerassociated cachexia, with weight loss greater than 5% supporting a diagnosis of cancer cachexia. 3 Previous studies have reported a high prevalence of cachexia in up to 80% of patients with PDAC, and cachexia has been associated with reduced quality of life. 4 Studies investigating the effect of weight loss on survival are limited, however, and have had varied results. 4 In the present study, we sought to more fully characterize weight loss across all stages of PDAC, examining weight trends, nutritional interventions, and the influence of weight loss on survival.
MATERIALS AND METHODS
This study was approved by The Ohio State University Wexner Medical Center Institutional Review Board.
Development of Study Cohort
A retrospective review including subjects with a new pathologic diagnosis of PDAC evaluated at our tertiary care center during the study period (January to December 2014) was performed. An electronic pathology database search was performed to identify subjects with histopathologic evidence of PDAC on fine needle aspiration, biopsy, or resected surgical specimen from a pancreatic tumor or liver metastasis secondary to PDAC (Fig. 1 ). Cases were reviewed to ensure that the pancreas was the primary site, and subjects were excluded if the tumor was either a nonpancreatic primary (eg, duodenal or ampullary adenocarcinoma) or if the pathology was inconclusive. Also, for this study, only those with ductal adenocarcinoma of the pancreas were included (ie, neuroendocrine tumors, adenocarcinoma arising from an intraductal papillary mucinous neoplasm, and other histologic subtypes were excluded). Subjects without clinical follow-up after the initial clinical evaluation and subjects without serial body weights were not included in the analyses.
Study Definitions
Serial body weights were abstracted from vital signs recorded in the medical record; when unavailable, self-reported weights were used. The "usual adult body weight" (and derived body mass index [BMI]) represents a subject's typical weight approximately 1 year before diagnosis. For the purposes of this study, "significant" or "substantial" weight loss was defined as weight loss of greater than 5% of the usual body weight, based on the acceptance of this threshold for defining cancer cachexia. 3 We described surgery as being "potentially curative" when the surgery was pursued with the intent of cancer resection and an R0-R1 resection margin was achieved. The date of PDAC diagnosis was defined as the date of pathologic diagnosis. For time-to-event analyses, the administrative data of closure were October 27, 2015. The date of last clinical follow-up was defined as either the expiration date or the date of the most recent physician evaluation, whichever was more recent.
Statistical Analyses
Clinical and tumor-related variables were compared between subjects with and without weight loss of at least 5% at PDAC diagnosis to: (1) identify independent predictors of weight loss in PDAC and (2) determine the independent effect of weight loss on survival in PDAC. Continuous variables were analyzed with t-tests or Wilcoxon rank sum tests, and categorical variables were analyzed with χ 2 tests or Fisher's exact tests, as appropriate. To identify factors associated with a weight loss of greater than 5%, a multivariate logistic regression model was fit. The model included significant variables from univariate comparisons and clinically relevant variables (defined a priori as age, sex, tumor size, cancer stage, and usual adult BMI) in addition to duration of symptoms. This additional variable was selected through a forward stepwise procedure where duration of symptoms, any surgery, potential curative surgery, surgery type, tumor stage, tumor location, N stage, M stage, cancer stage, chemotherapy, and duration of chemotherapy were eligible for inclusion.
Median survival was compared through Kaplan-Meier curves and log-rank tests. A multivariate Cox survival model that included the following a priori covariates: age, tumor size, cancer stage, significant weight loss at cancer diagnosis, sex, and diabetes present at diagnosis was fit. The model was repeated using a series of weight loss thresholds, including greater than 5%, median relative weight loss, greater than 10%, and treating weight loss as a continuous variable based on previous publications. All analyses were completed using Stata version 14 (College Station, Tex). A P value of <0.05 was considered statistically significant.
RESULTS

Study Population Characteristics
A total of 123 subjects with newly diagnosed PDAC were selected for the study. The mean age at diagnosis was 65.9 years with an equal sex distribution (51.2% were male) ( Table 1 ). The American Joint Committee on Cancer stage distribution at the time of diagnosis reflects the tertiary nature of our clinical center, with a distribution of subjects in stages I, II, III, and IV of 5.8%, 45.0%, 9.2%, and 40.0%, respectively. A total of 63 subjects underwent surgical treatment, including 54 (43.9%) who received a potentially curative surgery (ie, pancreaticoduodenectomy, distal pancreatectomy, or total pancreatectomy). The majority (79.3%) of subjects who completed a potentially curative surgery received postoperative adjuvant chemotherapy, whereas 75.8% of all other subjects underwent chemotherapy.
Distribution of Weight Loss at PDAC Diagnosis
The mean (standard deviation [SD]) body weight and BMI at the time of diagnosis were 78.9 (20.2) kg and 28.1 (7.0) kg/m 2 , respectively. The vast majority (88.6%) of subjects had lost weight at the time of cancer diagnosis compared with their usual adult body weight. The median (interquartile range [IQR]) amount of weight loss was 6.8 (3.2-11.4) kg, which represented a relative weight loss of 8.4%. A total of 88 subjects (71.5%) lost greater than 5% of their usual body weight at the time of PDAC diagnosis, and 48 (39.0%) lost greater than 10%.
Clinical Factors Associated With Weight Loss
There were no differences in the clinical profiles of subjects with and without significant weight loss (>5%) at PDAC diagnosis, with the exception that patients who had more weight loss had a longer duration of symptoms (Table 1 ). There was a higher mean usual BMI among patients who experienced greater weight loss (32.2 mg/kg 2 vs 28.7, P = 0.03). There was a similar trend with an increased mean usual body weight in the group that experienced greater than 5% weight loss (90.0 kg vs 81.1 kg, P = 0.054). Although there were differences in the distribution of cancer stages, this effect was lost when those with stages I and II were compared with III and IV. Lastly, there were no differences in weight loss at diagnosis based on their ability to undergo a potentially curative surgery. The trends observed were similar when groups were redefined using the thresholds for weight loss based on the median absolute weight lost (6.8 kg) and median relative weight loss (8.4%) (data not shown).
A multivariate logistic regression model for significant weight loss demonstrated that increased tumor size, higher usual BMI, and longer duration of symptoms were independently associated with weight loss of greater than 5% at diagnosis (Table 2) .
Nutritional Assessments/Interventions
Because of the high prevalence of weight loss in the study cohort, we examined the patterns of nutritional assessments and interventions after PDAC diagnosis. Overall, 34 subjects (27.6%) underwent formal outpatient nutrition counseling involving referral to a dietician; interestingly, the frequency of dietician consultation was similar among patients with and without weight loss (25.0% vs 34.3%, P = 0.30). Enteral or parenteral nutritional preoperative supplementation was rarely used (5 and 5 subjects, respectively). Pancreatic enzyme replacement therapy (PERT) was recommended at similar rates in those with and without significant weight loss (39.8% vs 31.4%, P = 0.39). Conversely, PERT was used more frequently by those who underwent any surgery compared with those without surgery (53.0% vs 20.3%, P < 0.01). The median dose of pancreatic enzymes for the 46 subjects who used them was 24,000 units of lipase with meals (IQR, 20,000-48,000). Adherence to recommendations for PERT was not complete in 6 subjects who declined treatment due to either noncompliance or cost.
Survival Analysis
Subjects with significant weight loss (>5%) at diagnosis had a similar median survival compared with those without significant weight loss (9.5 months vs 12.6 months, respectively, P = 0.40) (Fig. 2) . In contrast, weight loss above the median (8.4%) was associated with worse survival on univariate analysis (8.1 vs 
DISCUSSION
In this cohort study of consecutive subjects diagnosed with PDAC, there was a high prevalence of weight loss at PDAC diagnosis, including almost three fourths of subjects who lost greater than 5% of their usual body weight. Clinical factors associated with increased weight loss included higher usual adult BMI, a longer duration of symptoms, and increased tumor size. Despite the FIGURE 2. Univariate comparisons of the median survival from PDAC diagnosis in all study subjects based on the following: weight loss above and below 5% weight loss at diagnosis (A) and weight loss above and below the median relative weight loss (8.4%) (B). Survival comparisons were performed for the Kaplan-Meier plots using log-rank tests. risk for malnutrition in the cohort, a relatively small number of patients received nutrition consultation or PERT, although the use of PERT was more common in those who underwent surgery. In the present study, weight loss greater than 5% at PDAC diagnosis (the most common threshold in defining cancer-associated cachexia) was not associated with worse survival; however, a negative impact was observed in those with a greater degree (>10%) of weight loss. The vast majority (88.6%) of subjects with PDAC lost weight at the time of cancer diagnosis, with almost three fourths losing greater than 5% of their usual body weight. Previous studies have reported similarly high estimates of weight loss in PDAC ranging from 70% to 75%. [5] [6] [7] Despite these high rates of weight loss, there are relatively few studies regarding dietary and nutritional interventions in this population. Accordingly, the observed low rates of nutritional interventions in this cohort are likely multifactorial. First, there are currently no consensus guidelines for nutritional management in PDAC. This is a consequence of the lack of studies that have carefully characterized dietary patterns and success of interventions in PDAC. Similarly, the diagnosis and management of exocrine pancreatic insufficiency (EPI) in PDAC is an area of needed research. There are multiple challenges with the current diagnostic approach of EPI, including the lack of an accurate noninvasive test to diagnose EPI in general. 8 Nevertheless, estimates of the prevalence of EPI based on fecal elastase-1 levels in PDAC are approximately 60% to 80%. 9 Despite the high prevalence of EPI in this disease group, there have been no studies to demonstrate the efficacy of PERT in PDAC, with the exception of patients who have previously undergone surgical resection. In those who undergo pancreatic surgery, the postoperative risk of EPI varies depending on the surgery type (EPI risk is higher after pancreaticoduodenectomy than distal pancreatectomy) and health of the remnant gland. In one study, the prevalence of EPI in PDAC before surgical resection was approximately 42% to 45% compared with 12% to 80% after distal or central pancreatectomy and 56% to 98% after pancreaticoduodenectomy. 10 In the current cohort, the frequency of PERT usage was much higher in the group who underwent surgical intervention (56.1% vs 21.9%, P < 0.01), which likely reflects an increased awareness of EPI in this disease subgroup. Other groups have also shown that, even though patients may be placed on PERT postoperatively, they are often provided with a suboptimal dosage. 11 In sum, further study is needed to effectively diagnose and treat EPI in PDAC.
Prior studies have demonstrated variable effects of weight loss on shortened survival in PDAC, which may be explained by differences in the degree of weight loss considered and the cancer stage distribution of study subjects. Previous studies have examined a variety of measures of cachexia, including weight loss, caloric intake, and/or radiographic measures of soft tissue (muscle and/or fat). Although 2 groups showed worse survival in those with greater than 10% weight loss, 6, 12 this was not universally observed. 13 Other groups did not dichotomize patients as cachectic and noncachectic but rather evaluated the effect of weight loss as a continuous variable. 7 As our results in Supplemental Table 1 , model 2 illustrate, this method of comparison is associated with increased statistical power but only demonstrates a small effect size. In the end, the heterogeneity in study design and reporting does not allow derivation an accurate summary estimate of the effect of weight loss on survival, illustrating the need for standardized definitions in future studies of PDAC-associated weight loss and cachexia.
The most widely used definition for clinically significant weight loss (>5%) is one component of an international consensus definition of cancer cachexia. 3 It should be noted, though, that this definition is used across all cancer types and clinically meaningful weight loss may differ for various tumor types. A potentially more direct means of assessing cachexia, which avoids limitations with self-reported body weights, involves measuring changes in the skeletal muscle and adipose tissue volume on cross-sectional imaging. However, in the absence of a baseline measure, evaluating for the presence of cachexia at cancer diagnosis is not currently possible. Others have begun categorizing patients who have lost more than 2% of their preillness body weight as cachectic if they meet a predetermined definition of low muscle volume. The muscle volume threshold commonly used has been extrapolated from its ability to predict mortality in obese cancer patients, so the generalizability across all cancer types remains unclear.
14 A less commonly used definition of cachexia involves the combination of 2% body weight loss and a BMI of less than 20 kg/m 2 . Considering these challenges, there are ongoing efforts to identify a diagnostic biomarker for cancer cachexia, such as a circulating cytokine, in an effort to develop a useful clinical and translational method for monitoring this condition.
An important aspect to consider in regards to weight loss in the setting of PDAC is the increasingly recognized role of obesity in the pathogenesis of PDAC. 15 This may partially explain the observation of larger tumor size in those with greater weight loss (and a greater usual body weight). There is growing evidence to suggest increased systemic and tumor-associated levels of inflammation in the context of obesity may accelerate tumor growth. 15, 16 Specifically, both central adiposity and an increased BMI, which is the most commonly used measure of obesity, are independently associated with PDAC-associated mortality. 17 One recent study also suggested that obesity is associated with worse survival after pancreaticoduodenectomy for PDAC. 15 One concern with using BMI measurements as the sole measure of obesity is that it does not distinguish between visceral and subcutaneous fat. Because visceral fat is more metabolically active than subcutaneous fat, it is believed that visceral fat is the predominant contributor for the risk of developing PDAC. 18, 19 Therefore, further studies are needed to accurately describe and understand the mechanisms and independent contributions of visceral and subcutaneous fat in the risk of developing PDAC and survival after diagnosis as well as further understanding the implications of differential patterns of change in these fat compartments across the course of this cancer.
One challenge with retrospectively studying weight loss is the potential for inaccurate self-reported body weights, which is unavoidable to a degree, because many patients are referred for evaluation after diagnosis of PDAC. When available, premorbid body weights were directly abstracted from recorded vital signs. In contrast, all weights at and after cancer diagnosis were measured on calibrated scales and abstracted from the medical records. This limitation remains one of the greatest challenges in studying PDAC-associated cachexia and illustrates the need for a more reliable objective marker of cachexia. The retrospective nature of this study also did not permit assessment of subjects' dietary intake, and standardized protocols for dietary interventions and management of EPI were not used. A dietetics consultation was used as an indicator of nutritional intervention, but does not account for other interventions that were self-initiated. Lastly, the inclusion of subjects from all cancer stages permitted us to more comprehensively evaluate trends across various cancer stages but introduces heterogeneity of patient and disease characteristics.
In the present study incorporating all stages of PDAC, there was a high prevalence of weight loss (88.6%), including almost three fourths of subjects who fulfilled the existing criteria for cancer-associated cachexia. Weight loss was associated with increasing age, duration of symptoms, and tumor size but did not have an independent detrimental survival effect until a higher threshold (>10%) was used. Despite these findings, there were low rates of nutritional interventions, aside from the use of PERT in patients who had undergone pancreatic resection, which is likely multifactorial. Further studies are needed to better characterize patient's dietary intake patterns and develop standardized approaches to dietary interventions, including diagnosis and treatment of EPI secondary to PDAC. Controlled trials are needed to develop a multifaceted approach to inhibit PDACassociated weight loss and cachexia and should assess the impact on survival, tolerance of cancer-related therapies, and quality of life.
